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Abstract

Olfactory epithelium (OE) is capable of lifelong regeneration due to presence of basal progenitor 

cells that respond to injury or neuronal loss with increased activity. However, this capability 

diminishes with advancing age and a decrease in odor perception in older individuals is well 

established. To characterize changes associated with age in the peripheral olfactory system, an 

in-depth analysis of the OE and its neuronal projections onto the olfactory bulb (OB) as a 

function of age was performed. Human olfactory tissue autopsy samples from 36 subjects with an 

average age of 74.1 years were analyzed. Established cell type-specific antibodies were used to 

identify OE component cells in whole mucosal sheets and epithelial sections as well as glomeruli 

and periglomerular structures in OB sections. With age, a reduction in OE area occurs across 

the mucosa progressing in a posterior-dorsal direction. Deterioration of the olfactory system 

is accompanied with diminution of neuron-containing OE, mature OSNs and OB innervation. 

On an individual level, the neuronal density within the epithelium appears to predict synapse 
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density within the OB. The innervation of the OB is uneven with higher density at the ventral 

half that decreases with age as opposed to stable innervation at the dorsal half. Respiratory 

metaplasia, submucosal cysts and neuromata, were commonly identified in aged OE. The finding 

of respiratory metaplasia and aneuronal epithelium with reduction in global basal cells suggests a 

progression of stem cell quiescence as an underlying pathophysiology of age-related smell loss in 

humans.

Graphical Abstract

During human development a complete uninterrupted sheet of neuronal competent mucosa with 

well demarcated boarders comprises the olfactory epithelium (OE) within the superior aspect of 

the nasal cavity along the septum and lateral wall. The olfactory neurons target in individual 

glomeruli along the peripheral edges of the olfactory bulb (OB). With advancing age, regions 

of the OE are disrupted and replaced with respiratory or aneuronal epithelium while the boarder 

becomes less defined. A decreasing area of OE occurs with a shift of neuronal density in a more 

posterior-dorsal direction. Intraepithelial neuromas and subepithelial cysts develop along with a 

decrease in olfactory sensory neurons (OSNs). Proximally, distortions in olfactory targeting occur 

within the OB with an overall reduction in synapses in the ventral portion.
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INTRODUCTION

Our current understanding of the anatomy of the human olfactory epithelium (OE) and 

olfactory bulb (OB) has been growing steadily in recent years due to advances in 

molecular and immunohistochemical techniques. The structure of human OE and constituent 

cells including surface marker and transcription factor expression closely resembles that 

described in rodents (Holbrook et al. 2011; Nakashima et al. 1991; Morrison and Costanzo 

1992). Located in the upper nasal cavity inferior to the cribriform plate and lining the 

upper septum and middle/superior turbinate, the OE is composed of three main cell types: 

1) microvillar-capped supporting cells extending from the basal lamina to the epithelial 

surface, 2) multiple layers of olfactory sensory neurons (OSNs) located in the middle of 

the epithelium with the general progression from more immature cells basally to more 

mature cells apically, and 3) basal cells near the basal lamina including horizontal basal 

cells (HBCs) - the reserve stem cell population that is called upon to regenerate all cells 
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of the epithelium under severe injury, and global basal cells (GBCs) - sitting apical to the 

HBCs and responsible for the normal homeostatic maintenance of the olfactory neuronal 

population (Holbrook et al. 2011; Nakashima et al. 1991; Morrison and Costanzo 1992; 

de Lorenzo 1957; Huard et al. 1998). The underlying rather loose lamina propria (LP) 

contains Bowman’s glands that extend ducts through the OE, fibroblasts, blood vessels, and 

nerve fascicles containing axons from OSNs in the OE (Nakashima et al. 1991; Morrison 

and Costanzo 1992). These fascicles cross the cribriform plate in order to synapse with 

secondary neurons in glomeruli of the OB (Richard, Taylor, and Greer 2010; Treloar et 

al. 2002). In contrast to laboratory rodent epithelium, prior studies on human biopsy and 

autopsy specimens reveal that the distribution of cells in human OE is less well ordered 

with wide variations in the neuronal abundance ranging from a robust neuroepithelium 

to a neuronally impoverished epithelium to aneuronal epithelium. In addition, patches of 

respiratory metaplasia are interspersed, i.e., what was olfactory epithelium has been replaced 

by an epithelium consisting of ciliated columnar epithelial cells and basal cells (Holbrook 

et al. 2011; Nakashima et al. 1991; Morrison and Costanzo 1992; Holbrook, Leopold, and 

Schwob 2005; Nakashima, Kimmelman and Snow, 1984).

Even though human as well as rodent OE is capable of lifelong regeneration thanks to the 

persistence of stem and progenitor cells within the basal cell population (Brann et al. 2015; 

Schwob 2002; Durante et al. 2020), a decline in smell function with age is well known in 

humans (Zhang and Wang 2017; Doty et al. 1984; Vennemann, Hummel, and Berger 2008; 

Lu et al. 2021). Deterioration in olfaction among the elderly likely depends to some degree 

on the extent of pathological alterations in the area, structure, and composition of the OE. 

Beside a general decrease of epithelial thickness, the OE from human and rodents loses 

mature olfactory sensory neurons (OSNs), undergoes reduction in vascularity and displays 

large areas of non-sensory respiratory epithelium (Paik et al. 1992; Naessen 1971; Attems, 

Walker, and Jellinger 2015; Mobley et al. 2014; Rosli, Breckenridge, and Smith 1999; 

Doty and Kamath 2014; Loo et al. 1996). Although not specifically known to be related 

to age, neuromas (abnormal patches of disorganized olfactory axons) and epithelial-lined 

submucosal cysts or “pits” are a commonly described alteration in human OE not seen 

to the same degree in laboratory rodents subject to normal aging (Holbrook et al. 2005; 

Trojanowski et al. 1991; Feng et al. 1997).

Compared to what is known for the OE, the literature on organization of the human OB 

is relatively sparse. Our current understanding of OB morphology is based mostly on 

rodents whereas the papers on human OB have shown dramatic differences between the 

two species. With reference to the organization of the glomerular layer, where OSNs and 

second order neurons synapse (Kauer and Cinelli 1993; Mori, Nagao, and Yoshihara, 1999) 

the number, size and shape of glomeruli is less regular in humans as compared to rodents 

with a high inter- and intraindividual variance (Maresh et al. 2008; Smith et al. 1991; Zapiec 

et al. 2017). Moreover, axons of incoming OSNs are observed extending deeper into the 

bulb than the typically ordered glomerular layer observed in rodents. Finally, individual 

periglomerular cell populations in the human bulb are not as easy to distinguish (Maresh et 

al. 2008; Smith et al. 1991; Zapiec et al. 2017).
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Correspondingly little is known regarding any changes in OB histology with age in 

humans, although some might be expected given the intimacy of the connection between 

the periphery and the glomerular layer, and the potential correlation between age and the 

diminishment of the neuronal population of the OE. Decreases in bulb volume, glomeruli 

and frequency of synapses as well as atrophy in glomerular dendrites and mitral cells have 

been described as a function of age (Attems et al. 2015; Hang et al. 2015; Meisami et 

al. 1998; Hinds and McNelly 1981; Buschhüter et al. 2008). However, other studies have 

postulated stable glomerular density with increasing age (Richard et al. 2010; Mobley et al. 

2014; Maresh et al. 2008). In general, due to difficulties in obtaining an adequate amount 

of autopsy specimen, studies on the human OB and OE are mostly limited to descriptive 

findings and detailed quantitative analyses are lacking.

Using a large sample of human autopsy specimens and analyzing both whole sheets of 

mucosa as well as histological sections, we performed an in-depth quantitative analysis 

on multiple parameters for the OE and OB identifying changes that relate to increasing 

age. Moreover, utilizing epithelium and bulb tissue originating from the same specimen we 

attempted to predict OB characteristics based on the condition of the olfactory periphery.

METHODS

Tissue acquisition and preparation

Post-mortem specimens including the OBs, cribriform plate, middle and superior turbinate, 

and septum spanning the distance from the frontal sinus to the sphenoid sinus were procured 

within 24 hours from time of death and fixed immediately by submersion in 10% formalin 

in water by the following collection centers: National Disease Research Interchange (NDRI, 

Philadelphia, PA), Advanced Bioscience Resources Inc. (ABR, Alameda, CA) and Anatomy 

Gifts Registry (AGR, Hanover, MD). Specimens arrived at our lab within 14–21 days. 

Information regarding age, gender, cause of death and comorbidities was provided for each 

specimen (Table 1). We had no information regarding olfactory function. Olfactory bulbs, 

olfactory epithelium and whole mucosal sheets were dissected and separated as described 

previously (Holbrook et al. 2011). In short, upon arrival the OBs were dissected from the 

cribriform plate and labeled to reflect orientation to position and side. The nasal cavity was 

then divided into the lateral wall and septal portions along the cribriform plate on each 

side. Whole mucosal sheets were removed from both the lateral wall and septum for whole 

mount staining analysis (Figure 1). A rectangular vertically oriented strip was removed from 

each whole mucosal sheet (Figure 1(c), (d)), oriented and embedded in optimal cutting 

temperature (OCT) compound (Miles Inc., Elkhart, IN), snap frozen, and then coronally 

sectioned at a thickness of 10–12μm using a cryostat (Leica CM3050S, Bannockburn, IL). 

OBs were also oriented, embedded in OCT, snap frozen in liquid nitrogen, and coronally 

sectioned at 10–16μm. Cut sections were mounted individually on Plus slides (Thermo 

Fisher Scientific, Pittsburg, PA) and stored at −20°C until staining.

Immunohistochemistry

The steps for immunohistochemistry were performed according to standard procedures in 

the laboratory (Holbrook et al. 2011). Frozen sections were thawed and rinsed in phosphate-
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buffered saline (PBS) for five minutes to remove OCT. For permeabilizing and minimizing 

inherent peroxidase activity the slides were then treated with 0.1% H2O2 in PBS for 10 

minutes. The sections were flooded with 0.01M citric buffer (pH 6.0) before placing the 

slides for 10 minutes in a common food steamer at 45°C for antigen retrieval. Slides were 

washed in PBS for five minutes and blocked 10 minutes in normal donkey block (NDB - 

4% Bovine Serum Albumin (BSA), 5% Non-Fat Dry Milk (NFDM), 10% Donkey Serum, 

PBS, 0.1% Triton X-100). Primary antibodies were diluted in NDB, and the slides were 

incubated over night at 4°C in a humidified chamber. Primary antibodies that were used 

in this study and their staining conditions (concentrations and pretreatments), as well as 

the cell type recognized by each antibody, are listed in Table 2. Bound primary antibodies 

were visualized either by incubating with the corresponding biotinylated secondary antibody 

(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) followed by fluorescent 

streptavidin complexes or with a suitable fluorescently conjugated secondary antibody 

(Invitrogen, ThermoFisher Scientific, Waltham, MA). Tyramide signal amplification (TSA) 

was utilized to enhance T-box transcription factor (TBX21) and TH fluorescent signals 

according to kit instructions (PerkinElmer, Waltham, MA). Fluorescent sections were 

additionally submerged in DAPI or Hoechst to stain nuclei and then coverslipped with 

0.1M n-propyl gallate. Staining specificity of the antibody used was either previously 

confirmed through antiserum incubation or confirmed with identical staining characteristics 

as previously reported elsewhere. Whole mount mucosa was stained in a similar fashion 

according to published procedure (Holbrook et al. 2011) using mouse anti-TUJ1 (1:2000) or 

rabbit anti-PGP9.5 (1:7,000) at longer incubation times than with sections. Peroxidase based 

staining was visualized using 3,3’-diaminobenzadine (DAB) as the chromogen. The stained 

whole mount mucosal sheets were flattened with weights on lysine coated glass slides and 

then dehydrated through increasing concentrations of ethanol. The slides were then cleared 

through xylene and coverslipped with DPX mounting media.

Image acquisition

Mosaic images of stained sections were taken on a Nikon Microphot-SA microscope (Nikon 

Instruments Inc., Melville, NY) with a 4x objective and driven with a Ludl motorized 

stage (Ludl Electronic Products Lid., Hawthorne, NY). Images were obtained with a Retiga 

camera (Teledyne QImaging, British Columbia, Canada) with iVision capturing software 

(BioVision Technologies, Exton, PA) and stitching software using Autopano Pro (Kolor, no 

longer supported). In some instances, stained sections were imaged on a Zeiss LSM800 

confocal microscope. In all photos, only the balance, contrast, and evenness of illumination 

were adjusted. Image analysis and quantification were performed using ImageJ software 

(ImageJ 1.50i, https://imagej.nih.gov/ij/).

Whole mount analysis

Mosaic photographs of whole mount stained specimens were overlayed on images of 

the original tissue block taken post-mucosa removal. Distances from the stained area to 

anatomic landmarks of the nasal cavity were then measured. For purposes of centroid 

calculation, all specimen measurements were standardized to orient the posterior edge of 

the specimen to the left and anterior edge to the right; therefore, images from specimens 

not fitting this orientation were digitally flipped 180° along the horizontal axis. Shifts in the 
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distribution of olfactory neurons across the mucosal surfaces were assessed by comparing 

the centroid, or geometric center, of the olfactory area (areal centroid), which was delimited 

by a smooth outline encircling the stained neuronal elements, and the centroid of the object 

made up of the collective stained OSNs within this defined area (neuronal centroid). The 

neuronal centroid position (i.e., the geometric center of the distribution of stained neurons) 

was calculated using the following formula for the geometric decomposition method:

CX = ∑
CixAi
∑Ai

; CY = ∑
CiyAi
∑Ai

where Cix and Ciy are the x and y coordinates for the centroid of each composite simple 

shape used to fill the object of interest and Ai is the area of each simple shape used. Any 

shifts in the position of the neuronal centroid from the geometric center was determined by 

subtracting the x and y coordinates of the areal centroid from the x and y coordinates of 

the neuronal centroid. The resulting difference in x and y coordinates were used to obtain a 

vector magnitude (a2 + b2 = c2). The formula:

θ = tan−1 Y
X

was used to calculate the direction in shift of the neuronal centroid from the areal centroid 

relative to the x-axis of the tissue (oriented with the posterior edge to the left) with a 

value of zero aligning with the x-axis in the positive direction (anteriorly) and values ≥ 

1° progressing counterclockwise around the areal centroid (origin of x and y-axis). In this 

manner and with this orientation, values from 0 to 90 and from 270 to 359 indicate a 

neuronal centroid shift anteriorly, and values from 90 to 270 indicate a neuronal centroid 

shift posteriorly. Similarly, values from 0 to 180 indicate a neuronal centroid shift dorsally 

and values from 180 to 359 indicate a neuronal centroid shift ventrally. Areas of denuded 

epithelium resulting from dissection and tissue processing as well as the region dissected 

for histologic analysis were removed from the overall object shape before calculating the 

centroids.

Tissue section analysis

Samples from 36 subjects (12 female) with an average age of 74.1 years (range 28–92) were 

used for analysis. A total of 15 subjects (5 female) included a medical history of dementia 

with 6 having a specific diagnosis (5 Alzheimer’s, 1 Parkinson’s Disease). Given variable 

autopsy conditions and tissue preservation, not all tissue from each subject could be used for 

all analyses. From 24 subjects a total of 39 bulbs (19 right, 20 left) were collected. Analysis 

of OBs and their matched corresponding OE were performed separately for right and left 

sides, if available. No samples were excluded. For OE analysis, epithelial sections from 29 

subjects (27 septum, 18 lateral wall) were analyzed.

OE sections—Three evenly spaced sections of the OE encompassing the full dorsoventral 

axis of each mucosal strip were obtained from the right and left septum and/or right and 

left lateral wall, sampled, and averaged for each datapoint. When both septal and lateral 
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wall specimens were available from the right and left sides, the average value from the 

strips was used if the comparison of lateral wall vs. septum and right vs. left side did not 

reach significance by t-test and one-way ANOVA. Differences regarding age, dementia, and 

gender were assessed.

To assess the extent of neuronal maturation, β-tubulin III (TUJ1)-antibody positivity was 

used to identify and assess both mature and immature OSNs (Holbrook et al. 2011) and 

olfactory marker protein (OMP)-antibody positivity was used to identify and assess the 

population of mature OSNs (Monti-Graziadei et al. 1977). Total area of staining was 

calculated using ImageJ software and normalized to the measured length of OE ranging 

from the cribriform-plate edge dorsally to the border with continuous respiratory epithelium 

ventrally. A maturity index was calculated as a ratio of OMP(+) staining to TUJ1(+) staining 

in each OE section. In addition, TUJ1 staining was used to identify neuromas within the OE. 

Total length of the OE occupied by neuromas was also normalized to total OE length.

The overall condition of the tissue was determined in sections stained with antibodies to 

TUJ1 and to β-tubulin IV (BetaIV), which marks respiratory epithelium. Percent lengths 

of specific types of epithelia were calculated as follows: respiratory epithelium (BetaIV(+) 

staining), neurogenic/neuronal OE (TUJ1(+) staining), aneuronal OE (BetaIV(−)/TUJ1(−) 

staining) and mixed epithelium (BetaIV(+)/TUJ1(+) staining). In addition, sections labeled 

for BetaIV and TUJ1 were used to analyze the number and type of sub-epithelial cysts 

(TUJ1(+) neuronal cysts, BetaIV(+) respiratory cysts and TUJ1(+)/BetaIV(+) mixed cysts) 

within the lamina propria.

Sections adjacent to those stained for OMP/TUJ1 and BetaIV/TUJ1 were labeled with 

antibodies to KI67 and SOX2 to identify proliferating basal cells within the OE. Numbers of 

dividing basal cells from sections of right and/or left septum were averaged and normalized 

to OE length.

OB sections—Data obtained were collected separately for right and left olfactory bulbs. 

Measurement of OB length was defined as the distance between the first and last occurrence 

of glomeruli as identified by co-labeling with OMP and vesicular glutamate transporter type 

2 (VGLUT2). To calculate bulbar volume, the surface area (SA) of 6 evenly spaced sections 

throughout the entire OB was measured using ImageJ software including the first and the 

last section. SA was then multiplied by distance between the sections to estimate total OB 

volume. The total expanse of positive VGLUT2 staining was quantified from five evenly 

spaced sections throughout the bulb by summating area of staining from each mosaic image 

measured with Photoshop (Adobe v12.0) and the threshold tool of ImageJ. Summed areas 

of glomerular staining were normalized to total OB surface area. OB mosaic images were 

divided equally into superior and inferior halves using ImageJ software and the amount of 

positive VGLUT2-staining was quantified for ventral and dorsal OB separately.

Statistical analysis

Statistical analysis and graph creation were performed using IBM SPSS Statistics (IBM 

SPSS Statistics ©; 23.0, for Mac) and SigmaPlot 12.0 (SYSTAT Software Inc.). For 

assessment of correlation between OE/OB measurements and age as well as between OE 
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and OB parameters a linear regression analysis was performed. Due to known effects 

of dementia on olfaction and the correlation of dementia with age, we tested for any 

contribution of a diagnosis of dementia to age-related differences in the composition of 

the specimens. In the case of a significant difference a multi-linear regression analysis 

was performed. Unpaired t-tests were used for comparing OE/OB parameters and dementia/

gender; mean, standard error of the mean (±) and p-value (p) are displayed with each result. 

For those comparisons that didn’t pass Levene’s test for equality of variances, the Welch 

t-test was performed instead of a t-test. Due to the unilaterality of connections between 

OE and OB, left and right bulb originating from the same patient were treated as separate 

specimen, except when analyzing for correlation with age. For purposes of age correlation, 

OB parameters were averaged for right and left side. Before taking the average of two 

subgroups either a one-way ANOVA or t-test was performed to identify potential differences 

within the subgroups. If differences were found, subgroups were not averaged but analyzed 

separately.

In analysis of whole mount differences, a two-tailed t-test was used with normal value 

distribution (assessed with Shapiro-Wilk test), while a rank sum test (Mann-Whitney U test) 

was utilized when normality failed. For the comparison of epithelial measurements with age, 

a multi-linear regression analysis was performed setting dementia and age as independent 

factors. Figures were generated using PRISM software (GraphPad Prism ©; version 8.4.3 

(471), for Mac) or Adobe Photoshop 2020 (22.0.0).

RESULTS

Whole mount analysis

Anatomical location of olfactory epithelium—To determine the location of OE in 

relation to known anatomic structures within the nasal cavity, the mucosae from the lateral 

nasal cavity and from the nasal septum were detached from the underlying bone and 

immunoperoxidase-stained for neurons as whole mounts (Figure 1(c), (d)) and then were 

matched to the resected margins (Figure 1(a), (b)) from the original tissue block. Distances 

from the stained margin of OE to known anatomic landmarks were then measured (Figure 

2). Measurements were noted to vary across specimens. However, on average, the boundary 

of olfactory epithelium on the lateral nasal cavity extends 1.0 cm below the cribriform 

plate, 0.7 cm posterior to the anterior attachment of the middle turbinate, 1.7 cm above the 

inferior edge of the middle turbinate, and 0.4 cm anterior to the sphenoid face. The septal 

OE location mostly mirrors the lateral boundaries. Stained olfactory neurons were never 

observed at the anterior edge of the middle turbinate in contrast to previous reports (Leopold 

et al. 2000). Remarkably the area of OE in relation to anatomic structures of the nasal cavity 

was very similar in adults to embryonic samples (Figure 3) and just smaller in scale.

Olfactory neuronal area as a function of age and dementia—We compared whole 

mount staining of OE in embryonic specimens with adult specimens and observed two major 

differences (Figure 3(a), (b), (c)). In embryonic tissue, the margins of the OE are smooth 

and well demarcated from the respiratory epithelium (RE) as opposed to the erratic edges 

of adult OE. As with adult olfactory area, the embryonic OE is located under the cribriform 
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plate with the anterior margin posterior to the middle turbinate attachment and mostly 

confined to the area of the superior turbinate (Figure 3(a)). Embryonic OE is composed 

of a densely stained, continuous sheet of olfactory neurons, while adult OE is commonly 

interrupted by areas in which OSNs are completely absent. As previously identified, and 

further characterized below, the interspersed aneuronal epithelium within the confines of the 

olfactory area consists of neurogenically exhausted OE which is recognizable in sections 

by the presence of microvillar-capped Sus cells, or metaplastic RE, which contains ciliated, 

columnar, respiratory-like epithelial cells.

The olfactory area as a whole – defined as the region encompassed by the border of 

olfactory epithelium with the contiguous sheet of respiratory epithelium and including both 

neuronal and aneuronal regions – varies between specimens but is consistent between the 

right and left nasal cavities with a larger area (p = 0.043) on the lateral side (1.724 cm2) 

compared to the septum (1.366 cm2). Given the changes noted in adult tissue compared 

to embryonic specimens, we tested for an effect of age on the size of the olfactory area. 

Due to known effects of dementia on olfaction and the correlation of dementia with age, 

the presence of dementia was included in the analysis. Consequently, we performed a 

multi-linear regression analysis of OE area across specimens averaging the right and left 

sides when both samples were available from the cadaver block. When all specimens 

were analyzed, independent of dementia diagnosis, OE area decreases significantly with 

increasing age in the septal specimens (Figure 3(d)); when specimens with a known 

diagnosis of dementia are separated for analysis, no significant relationship was identified 

(p = 0.722, septum; p = 0.142, lateral). The regression lines were weaker for lateral wall 

specimens and did not reach significance.

To assess the diminution of neuron-containing OE within the olfactory area as a function of 

age, we calculated the percent of the olfactory area that contained neurons immunopositive 

with PGP9.5 or TUJ1 antibodies, which we term % remaining OE. Again, there was no 

difference between the right and left nasal cavities, nor was there any significant difference 

between the average % remaining OE on the septum (72.9%) and lateral nasal wall (71.3%; 

p = 0.66). Using multilinear regression, we find a statistically significant effect of increasing 

age on decreasing % remaining OE for both the septum and lateral wall (Figure 3(e)). When 

specimens from dementia subjects are analyzed, the same effect of age on reduction of % 

remaining OE is seen in nasal septum specimens (p < 0.001) but is not significant for the 

lateral wall (p = 0.071).

Olfactory neuron density shift with age—As mentioned above, the specimens 

from embryonic tissue revealed continuous sheets of OE without interspersed regions of 

aneuronal OE or metaplastic RE. Given the loss of OE with age in the specimens presented 

here and the shift in overall distribution of neurons in the OE of aged rodents posterodorsally 

(Loo et al. 1996), we predicted that the loss of neuron-containing OE is worse in anterior 

and inferior regions of the olfactory area where higher airflow and greater environmental 

exposure is likely to occur (Keyhani, Scherer, and Mozell 1997). To assay for a geographic 

shift in the distribution of OE with age, we determined the geometric center, or centroid, 

of the olfactory area (areal centroid as defined in methods) and compared it with the 

centroid of the shape that encompasses the retained neuron-containing OE within that area 
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(neuronal centroid; Figure 4(a)). We observed an average centroid shift across all adult 

septal specimens of 2.14 mm (SEM ± 0.30 mm) with an average direction of 146.14° ± 

11.66° (SEM) with the sample oriented with posterior to the left, 0° pointing anteriorly, 

and increasing angle progressing counter-clockwise; thus, the centroid of the neuronal 

composition of the OE area is displaced to a more posterior and dorsal position (i.e. more 

neuronal dense) as compared to the centroid of the olfactory area, as predicted. The average 

centroid shift in lateral specimens was 2.11 mm ± 0.20 mm (SEM) with an average direction 

of 151.19° ± 14.28° (SEM) and not significantly different from the septum values (p = 0.388 

and p = 0.919; respectively). We also tested for changes in centroid shift as a function of 

age and dementia and combined the septum values with the lateral wall values given the 

lack of differences between the sides. Although there appears to be a trend toward increasing 

centroid shift direction and magnitude with age, the contributions of age and dementia 

lacked significance (Figure 4(b), (c)).

Analysis of olfactory epithelium section

Immunohistochemical characterization of human OE sections—To provide a 

histologic basis for what would be considered healthy adult human OE and to determine 

suitable parameters for a quantitative analysis, sections from adult human OE were 

stained using antibodies directed against cell-specific markers and transcription factors and 

compared to fetal OE (Figure 5). Our observations are largely consistent with findings 

described in previous published articles (Holbrook et al. 2011; Nakashima et al. 1984, 

1991; Morrison and Costanzo 1992; Holbrook et al. 2005). Overall, the entirety of the fetal 

epithelial sample and regions of healthy adult human OE resemble that described in rodents. 

OE is identified by its characteristic pseudostratified columnar epithelium composed of 

mature and immature olfactory neurons labeled using β-tubulin III (TUJ1) in the middle 

zone of the epithelium, microvillar-capped sustentacular cells that populate the apical 

surface, basal cells, and Bowman’s glands/ducts. In the embryonic OE, the zone occupied 

by the population of olfactory neurons is slightly thicker as compared to the thickest and 

healthiest-appearing adult tissue (Figure 5(a), (b)). Metaplastic respiratory epithelium (RE), 

which is identified by surface staining with antibodies against β-tubulin IV (BetaIV), is 

absent from regions of healthy adult OE and non-existent in embryonic OE (Figure 5(b)), 

however regions of metaplastic RE and areas of aneuronal OE are frequently found in 

adult samples (see Figure 7) as described previously (Holbrook et al. 2005; Paik et al., 

1992; Nakashima et al., 1984, Child et al., 2018). Multiple layers of neurons at various 

stages of maturation comprise the central zone of typical healthy OE, however, OMP(+) 

mature olfactory neurons are found to be less strictly limited to the more apical aspect of 

the neuronal layer in humans as compared with rodents (Figure 5(a)). The horizontal basal 

cells (HBCs), globose basal cells (GBCs), and supporting cells are labeled with antibodies 

directed against the transcription factor, SOX2 (Figure 5(c)). Adult HBCs can be identified 

in a single row along the basal lamina and are typically mitotically quiescent and unlabeled 

by antibodies to the cell cycle marker KI67. SOX2(+) GBCs that are situated apical to the 

HBCs are distributed in clusters and are frequently double-labeled with KI67 and actively 

proliferate (arrows, Figure 5(c)). Fetal OE differs from the adult composition in several 

respects. HBCs are recognized by expression of p63 as in adult OE but are disposed as a 

more discontinuous basal monolayer in embryonic tissue (Figure 5(d)), which is consistent 
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with presence of a more uniform layer in adult rodents as well (Holbrook, Szumowski, 

and Schwob 1995; Packard et al. 2011). GBCs appear reduced in number and are also not 

uniformly distributed in the tangential plane of the epithelium (Figure 5). A palisade of 

supporting cell nuclei labeled with SOX2 is seen at the apical level of the epithelium in 

both adult and fetal OE (dotted rectangle, Figure 5(c)). Bowman’s gland and duct cells are 

identified using an antibody against SOX9. As expected, SOX9(+) Bowman’s gland cells are 

located within the lamina propria (LP) (dotted circle, Figure 5(d)) with occasional duct cells 

extending into the epithelium in both adult and fetal tissue (arrows, Figure 5(d)).

Neuronal status as a function of age and dementia within OE—We obtained 

usable tissue sections of OE from 29 individuals for immunohistochemical analysis of 

the epithelium (average total analyzed mucosal length = 5.8mm ± 0.36 mm (SEM)). We 

analyzed the neuronal composition of OE vertical strips by quantifying total TUJ1(+) OSNs 

staining and total OMP(+) mature OSNs staining as a function of OE length. An OSN 

maturity index (total OMP(+) staining/total TUJ1(+) staining) across mucosal strips was 

calculated from the septum (n = 27) and lateral wall (n = 18). Linear regression of septal 

mucosal specimens demonstrated no statistically significant differences in mature OSN 

staining, total OSN staining, nor the maturity index as a function of age (Figure 6(a)). 

However, analysis of lateral mucosal specimens revealed a significant decrease of both 

mature OSN (p = 0.002, r2 = 0.47) and total OSN (p = 0.015, r2 = 0.32) staining as a 

function of increasing age. No significant age-related correlation was observed for the OSN 

maturity index (p = 0.12, r2 = 0.14) which suggests that any decrease in number of OSNs 

we found with age is not associated with a disproportionate loss of neuronal maturity from 

lack of olfactory bulb targeting and trophic support. After averaging values from septal and 

lateral mucosal strips, only the amount of mature OSN staining (p = 0.02, r2 = 0.18) revealed 

a significant inverse correlation with advancing age. There were no significant differences 

for either of the described three parameters with respect to dementia regardless of whether 

values originated from septal or lateral mucosal strips (Figure 6(b)).

Regeneration activity related to age and dementia—The OE is known to respond 

to insults or neuronal loss with increased basal cell mitosis and regeneration of epithelial 

cell components, however this capability is known to decrease with age in some animal 

models of aging and is likely to be characteristic of human aging given the reduction 

in neurogenic OE (Holbrook et al. 2005; Nakashima et al. 1984, Child et al. 2018). We 

estimated regenerative activity of OE basal cells by counting basally positioned KI67(+)/

SOX2(+) dividing cells in septal mucosal strips (n = 27; average number of total KI67+/

SOX2+ basal cells = 14 ± 2.08 (SEM)) and assayed for the effect of age. Although using 

KI67(+)/SOX2(+) labeling to identify OE basal cells ignores the complete repertoire of 

mitotically active and inactive GBCs involved in OSN regeneration, it does capture dividing 

basal cells that would expect to increase as a result of neuronal depletion. Instead, we 

found a decrease in the number of dividing basal cells with age that would suggest either 

decreasing overall numbers of OE basal cells or decreased regenerative activity, however the 

result did not reach significance (p = 0.059, r2 = 0.14) (Figure 6(c)). The number of dividing 

basal cells did not differ significantly with respect to dementia (data not shown).
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Extent of epithelial metaplasia related to age and dementia—As mentioned 

above, in humans it is common to observe relatively healthy, neuron-containing OE adjacent 

to metaplastic regions of respiratory epithelium (RE), aneuronal/neurogenically exhausted 

epithelium, or mixed features (Figure 7(a), (b)); a finding also typical of rodent models 

of aging (Child et al. 2018; Håglin, Berghard, and Bohm 2020; Kondo et al. 2009). To 

quantify the extent of the pathological deterioration in the OE, sections obtained from the 

excised strips of mucosa were stained with anti-BetaIV-tubulin and TUJ1. The lengths of 

epithelium with BetaIV staining (respiratory), TUJ1 staining (neuronal), mixed Beta-IV and 

TUJ1staining (mixed epithelium) and absent staining with either antibody (aneuronal) were 

measured from septal specimens (n = 27) and calculated as a percent total length of the 

distance from the dorsal margin of the tissue to the ventral most boundary of OE with 

continuous RE. We found a significant increase of mixed epithelium with age (Figure 7(a); p 

= 0.01, r2 = 0.22). However, no significant difference in percent of RE or aneuronal OE was 

observed as a function of age. As with measurements for evaluation of the neuronal status 

there is no significant correlation observed for any of the described parameters with respect 

to dementia (not shown).

Presence of submucosal epithelial cysts—Within the adult OE, submucosal cysts 

lined by a true epithelium are commonly observed as described previously (Nakashima 

et al. 1991; Feng et al. 1997). Some cysts appear to be enlarged Bowman’s gland 

lumens. However, additional non-glandular cystic structures can be categorized on the basis 

of labeling with anti-BetaIV or TUJ1 into TUJ1(+) neuronal, BetaIV(+) respiratory, or 

BetaIV(+)/TUJ1(+) mixed cysts (Figure 7(b), (c)). The cysts show wide variations in size 

and shape and are occasionally seen erupting through the epithelial surface (Figure 7(c)). 

In many cases the epithelium overlying large cysts is thinner and metaplastic with RE or 

aneuronal characteristics. In regions where the cysts open into the epithelium, they appear 

to merge continuously with the epithelium of the same area. Interestingly, cysts were absent 

from fetal tissue samples suggesting that they form as a response to injury, stress, or aging. 

We counted respiratory, neuronal and mixed cysts along strips of septal mucosa (n = 27). 

No age or dementia-related differences were observed (not shown). However, we tested the 

correlations between total number of cysts and the extent of aneuronal OE and metaplastic 

RE (Figure 7(d)) and identified a significant correlation between the total number of cysts 

and the extent of respiratory metaplasia (percentage RE − p = 0.005, r2 = 0.27) and the 

extent of neurogenic exhaustion (percentage aneuronal OE; p = 0.02, r2 = 0.2). An expected 

decreased number of cysts occurred with larger regions of neurogenic OE. The degree 

of correlation between number of neuronal cysts and extent of neuronal epithelium, or 

respiratory cysts and extent of metaplastic RE was not statistically significant (not shown).

Epithelial neuromas—Neuromas were prevalent within human OE specimens as has 

been described previously with biopsies (Holbrook et al. 2005; Trojanowski et al. 1991; 

Holbrook, Rebeiz, and Schwob 2016). The size of the neuromata varied greatly among 

specimens, and typically stain densely for the neuronal marker TUJ1 but lack DAPI stained 

nuclei and OMP labeling (Figure 8(a)). As with epithelial cysts, we failed to identify 

neuromas in fetal OE, and the presence has been suggested to reflect previous damage to 

the adult OE (Holbrook et al. 2005; Schwob, Youngentob, and Meiri 1994). For purposes 
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of quantification, the total length of OE strips occupied by neuromata was measured as a 

percent length for septal (n = 27) and lateral (n = 18) mucosal samples and the average 

of both mucosal strips (n = 29). We found that the percent length of OE occupied by 

neuromata increases with advancing age in septal mucosal samples but does not reach 

statistical significance (p = 0.06, r2 = 0.13). The trend toward significance was also observed 

when the values for septal and lateral mucosal strips were averaged (p = 0.05, r2 = 0.13) but 

a correlation was not apparent in lateral specimens (Figure 8(b)). Of the adult specimens, 

neuromas were absent from samples obtained from individuals younger than or equal to 

60 years of age. In addition, no correlation was found between total neuroma length and 

dementia (not shown).

Analysis of human olfactory bulb

Immunohistochemical characterization of human OB—Only a very few papers 

have described the human olfactory bulb (OB) with detail. We used OMP staining to 

mark the mature olfactory axons as they projected into the bulb and vesicular glutamate 

transporter type 2 (VGLUT2) staining to identify the synapses that the olfactory axons form 

within the neuropil of the glomerular layer (Figure 9(a); Maresh et al. 2008). There were 

notable differences in the microstructure of the bulb by comparison with rodents and other 

non-primates. The olfactory nerve layer in the adult bulb is relatively thinner as compared 

to the bulb from fetal specimens. Unlike the more regular single-layer of roughly spherical 

glomeruli that is typical of the rodent OB, the glomeruli in the human adult bulb are 

less orderly, are often disposed in multiple layers, and tend to extend more deeply into 

the bulb, which mirrors previous descriptions (Maresh et al. 2008; Zapiec et al. 2017). 

Broadly speaking, the distribution, size, and shapes of adult human glomeruli mirrors the 

disordered appearance and variations of shape and size that are typical of the rodent OB 

during recovery from injury, particularly the reinnervation observed after long-standing, but 

partially reversible denervation (Child et al. 2018; Cummings et al. 2000; Holbrook et al. 

2014). Glomeruli of fetal OBs differ from adults having the appearance of budlike structures 

that are smaller in size and are arranged in a singular layer.

Sections stained with anti-tyrosine hydroxylase (TH), which identify dopaminergic 

periglomerular cells, can be found in embryonic and adult OB surrounding individual 

glomeruli (Figure 9(b)). In contrast to adult, TH(+) periglomerular somata in the embryonic 

OB appear tightly apposed to the glomerular layer and frequently congregate in areas with 

less glomeruli. Mitral and tufted cells of the OB can be visualized using antibodies to the 

T-box transcription factor TBX21 (Faedo et al. 2002). In our samples, the mitral cells in 

adult OBs are found singularly and intermittently over the external plexiform layer opposed 

to the formation of a coherent uniform layer deep to the glomerular layer seen in fetal OB 

(Figure 9(c)).

OB dimension related to age and dementia—Intact OBs that remained attached 

to the cribriform plate were obtained from 24 (23 for analysis of glomeruli) autopsy 

specimens. A total of 39 (35 for analysis of glomeruli) OBs were analyzed with respect 

to the OMP(+) axonal processes of the OSNs and their VGLUT2(+) synapses with second 

order neurons within the glomerular neuropil (Child et al. 2018; Gabellec et al. 2007). Bulb 
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length was calculated from the number of sections between the first and last recognized 

VGLUT2-stained glomeruli and averaged 10.85 ± 0.32 mm (SEM), ranging from 6.59 

to 15.54 mm (n = 39). Bulb volume was calculated from the area of individual sections 

sampled systematically through the length of the OB, with known section thickness, and 

known number of intervening sections. We calculated an average bulb volume of 51.24 

± 2.04 mm3 (SEM), with a range of 25.68 to 94.89 mm3 (n = 39). In specimens from 

individuals aged 70 or older, mean OB volume was 47.83 ± 1.47 mm3 (SEM) and ranged 

from 25.68 to 62.65 mm3. As a function of increasing age, total bulb volume decreases 

significantly (p = 0.02, r2 = 0.25). Results roughly correspond with previous MRI-based 

age-related normative data of OB volumes from 125 subjects without olfactory dysfunction 

(Buschhüter et al, 2008). The data indicate that people older than 45 years have a minimum 

bulb volume of 46 mm3. Slightly higher bulb volumes measured in our study could be due to 

high interindividual variances in bulb volume (Buschhüter et al. 2008) and differences in the 

approach technique (MRI vs. autopsy material). Dementia was not found to correlate with 

OB volume.

Glomerular distribution—Given the difficulty in recognizing discrete glomeruli in 

adult OB sections, instead of attempting to count individual glomeruli we measured the 

cumulative area occupied by VGLUT2(+)-staining normalized to the total OB area as a 

representative measurement of overall glomerular volume in 35 bulbs from 23 specimens. 

The relative area of the glomerular neuropil calculated in this manner was 1.65 ± 0.17 

% (SEM) and ranged from 0.6 to 3.49 %. We anticipated that a relatively greater extent 

of olfactory axonal innervation of the bulb would correlate with higher total bulb volume. 

Indeed, we found a positive correlation between relative VGLUT2(+)-staining and increased 

bulb volume (p = 0.05, r2 = 0.11). We also observed variability in density of innervation 

based on topography, such that the ventral surface of the bulb adjacent to the cribriform 

plate was more heavily innervated than the dorsal half (1.04 ± 0.1 % (SEM) vs. 0.47 ± 

0.08 % (SEM), respectively; t = 3.95, p = 0.0003, unpaired t-test) (Figure 10(a)). Given 

the reduction of mature OSNs as a function of age, we tested whether VGLUT2 stained 

glomeruli also decreased with increasing age and found staining decreases significantly (p 

= 0.002, r2 = 0.38) (Figure 10(b)). When the effect of age on innervation to dorsal bulb is 

compared with that to the ventral bulb, innervation is significantly diminished with age in 

the ventral half (p = 0.006, r2 = 0.31) but has no correlation in the dorsal half (p = 0.44, r2 = 

0.03). No other gender or dementia related differences in VGLUT2 staining were observed.

Intra-subject correlations between OE and OB

To determine whether the neuronal status of the olfactory periphery directly predicts and 

potentially impacts the glomerular status of the OB on an individual basis, we tested for 

correlations between various OE and OB parameters between samples of epithelium and 

bulb obtained from the same autopsy subject. No significant correlation was found between 

the relative glomerular area of the OB and mature and total OSN staining or OSN maturity 

index in the OE within the same autopsy subject. Given the significant correlation between 

ventral glomerular area and age, we compared neuronal status in the OE and the amount 

of VGLUT2 staining in the ventral bulb and found a positive intra-individual correlation 
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between ventral glomerular VGLUT2 staining and mature OSNs (p = 0.02, r2 = 0.24, n = 

21). No other measure of epithelial status was correlated with glomerular innervation.

DISCUSSION

We present a unique, broad-based analysis of the human peripheral olfactory system and its 

neuronal projection onto the olfactory bulb as a function of age utilizing a macroscopic and 

microscopic examination of autopsy specimens. Immunohistochemical staining of whole 

mucosa sheets allows for a global, broad-view assessment of changes in the olfactory 

periphery. Further in-depth observations from stained sections obtained from mucosal strips 

and olfactory bulbs demonstrate a general reduction in the olfactory neuronal population 

with age, while on an individual level, the neuronal density within the epithelium predicts 

the degree of glomerular synapses within the bulbs.

We looked at fetal olfactory tissue as pristine examples to compare with changes that may 

occur over time with adult tissue. The OE location in the embryonic nasal cavity is similar 

to what we find in the adult relative to other nasal structures. It displays a continuous, 

uninterrupted sheet of neuronal epithelium with smooth well-demarcated boarders adjacent 

to respiratory epithelium. This is in contrast to adult tissue where a deterioration of the 

system occurs with age, and the OE becomes patchy with erratic boarders, increasingly 

interrupted with areas of aneuronal and respiratory epithelium (Holbrook et al. 2011; 

Holbrook et al. 2005; Paik et al. 1992; Witt et al. 2009) similar to observations in mouse 

models of olfactory aging (Child et al. 2018; Håglin et al. 2020; Kondo et al. 2009). 

Although a consistent regenerative capacity of the vomeronasal organ and OE of rodents 

even during advanced stages of age including ability to respond to acute demands from 

chemical or surgical lesioning has been demonstrated (Brann and Firestein, 2010, Brann 

et al. 2015), the artificial housing environment of laboratory animals devoid of toxins and 

viral insults likely reduces chronic stress on the basal cells that could contribute to their 

exhaustion over time. Omura and colleagues recently showed a decrease in mature olfactory 

axons in superior turbinate and apposing septal mucosa from a dorsal to ventral position 

among all samples (Omura et al. 2021). Human biopsy studies have also suggested greater 

representation of olfactory neurons in posterior-dorsal regions of the nasal cavity (Feron 

et al., 1998). We find additional deterioration of neuronal rich OE progressing from an 

anterior-ventral to posterior-dorsal direction with a skew of higher density neurons in the 

posterior and dorsal regions of the nasal cavity that is more pronounced with older age. 

This may relate to the vulnerable position of anterior and ventrally located neurons in the 

nasal cavity that are more subject to air flow and exposure to insults such as environmental 

toxins or viral infections which are known to damage the OE, provoke different types 

of cellular destruction (Douek, Bannister, and Dodson 1975), and contribute to clinical 

olfactory dysfunction since number of mature OSNs is directly related to olfactory function 

(Hummel et al. 2017; Ajmani et al. 2016; Mori and Sakano 2011). Despite the reduction 

in mature OSNs no increased cell death or compensatory cell proliferation is evident in 

these areas (Omura et al. 2021). Common occurrence of observed respiratory metaplasia 

seen in adult tissue may arise as a default protective epithelium after neurogenic exhaustion 

(Child et al. 2018) and can be seen with severe direct damage due to the herbicide 2,6-

dichlorobenzonitrile (DCBN) (Xie et al. 2013).
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Our quantitative assessment of neuron-containing OE as well as amount of mature OSNs 

in OE from sections of olfactory mucosal strips reveal a significant inverse correlation 

with advancing age that supports our whole mount observations. However, even in the 

most advanced ages, our autopsy specimens contain some amount of OSNs in the olfactory 

mucosa despite the known clinical anosmia that commonly occurs in the elderly population 

(Doty et al. 1984; Hummel et al. 2007). This would suggest a critical mass of innervating 

OSNs may be required to allow for useful olfactory perception. However, a central etiology 

that would be reflected in an observed peripheral neuronal loss may provide an equal 

alternative explanation.

Besides the diminution of neuron-containing OE, the adult epithelium evinced neurogenic 

exhaustion, respiratory metaplasia, submucosal cysts and neuromata, which contrasts with 

the uninterrupted sheet of olfactory neurons present prior to birth. As mentioned above in 

adult humans, it is common to observe areas of relatively healthy neuron-containing OE 

adjacent to metaplastic regions of respiratory epithelium and/or neurogenically exhausted 

epithelium. Despite our data showing diminished olfactory neurons as a function of age, 

we did not find an expected significant age-related increase in respiratory metaplasia. This 

could be explained by our working definition of the olfactory area as the region between the 

cribriform plate dorsally and the ventral boundary demarcated by the last olfactory neurons 

encountered before the contiguous RE ventrally. As noted with our whole mount centroid 

analysis, there is a reduction in OE area with a shift of neuronal density toward the dorsal 

and posterior regions with age. Therefore, it is highly probable that a considerable portion 

of ventral mucosa beyond the last olfactory neuron was once neuronal and olfactory but 

transitioned to respiratory over time (Paik et al. 1992; Nakashima et al. 1984; Féron et 

al. 1998). The inability to differentiate metaplastic RE from original RE at the margins of 

the olfactory mucosa would result in an underestimation of the total amount of respiratory 

metaplasia. As further evidence for this unrecognized increase in respiratory metaplasia, 

we did find an increase in mixed areas of RE/OE with age, which likely represents a 

transitional stage before olfactory epithelium turns completely respiratory. Regardless, in 

humans, there appears to be a lack of an accelerated GBC response to neuronal loss which 

typically act to replenish the requisite neuronal population and preserve olfactory function. 

The regenerative capability is known to decrease with age in animal models of aging 

and is likely to be characteristic of human aging given the emergence and expansion of 

aneurogenic OE (Holbrook et al. 2005; Nakashima et al. 1984; Child et al. 2018). We found 

the dividing basal cell GBC population trends towards decreasing numbers with advancing 

age. Although our results were not statistically significant, we chose KI67+/SOX2+ labeling 

as our representative marker of dividing basal cells. The frequency of counted positive cells 

with this method was relatively low, and a more complete analysis of the GBC population 

may have provided larger cell counts to detect significance. A decrease in basal cell numbers 

or activity as a cause for diminished neurons is also supported by our finding of unchanged 

maturity index with increased age. For example, we would have expected a higher number 

of immature neurons compared to mature (lower maturity index) if a decrease in end-target 

trophic support was considered as a mechanism of age related neuronal loss. As shown 

in animal experiments utilizing direct epithelial injury and our accelerated turnover model 

of olfactory aging, OE is reestablished only in areas where multipotent global basal cells 
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are preserved, whereas areas absent of GBCs are repopulated with metaplastic respiratory 

epithelium (Jang, Youngentob, and Schwob 2003; Child et al. 2018). In experimental 

animals, areas of aneuronal and metaplastic RE devoid of GBCs retain dormant horizontal 

basal cells (HBC). Similarly, we find extant HBCs throughout our autopsy specimens 

regardless of respiratory metaplasia or aneuronal changes suggesting absent signaling of 

HBC activation with limited regenerative capacity during the natural aging process. Recent 

published data has implicated induction of inflammatory pathways as a possible mechanism 

for decreased OE stem cell function. Normal olfactory neuron activity and epithelial renewal 

appear to be vulnerable to inflammatory influences as stem cells functionally switch from 

regeneration to immune defense roles (Chen et al., 2019). In addition, olfactory stem cells 

from patients with age-related smell loss show inflammatory-response related molecular 

changes that appear to impair stem cell activation and epithelial homeostasis (Oliva et al., 

2022). We recognize that an analysis of inflammatory mediators or inflammatory cells in 

our samples could have added further information to this potential mechanism of limited OE 

stem cell activity in advancing age.

We found no age-related correlation with number of submucosal cysts in our samples, 

yet they occur commonly within adult olfactory mucosa and were not observed in fetal 

tissue. Respiratory metaplasia was often found co-localized over submucosal cysts in 

many of our samples, and in some cases eruption of submucosal respiratory cysts were 

observed contributing to a patch of respiratory metaplasia. Such colocalization of cysts and 

metaplastic epithelium has been previously described in a mouse model of aging (Kondo et 

al. 2009). We found the total number of cysts to be correlated with the amount of neuronal 

impoverished epithelium suggesting they may play a role in the degeneration of the surface 

epithelium or alternatively occur in response to degeneration with an attempt to regenerate 

damaged OE (Nakashima et al. 1991). However, neither the correlation between the number 

of neuronal cysts and the reduction in neuronal epithelium nor between respiratory cysts and 

extent of metaplastic RE were statistically significant.

A loss of OSNs in the olfactory periphery reduces sensory innervation of the OB (Child 

et al. 2018). Therefore, a similar loss of glomeruli with age and a reduction in OBV 

would be predicted based on our findings in OE. Indeed, we observed a decrease in 

OBV and VGLUT2 staining as a function of age. OB volume correlates with olfactory 

performance independent of confounding factors such as gender, nasal congestion and 

smoking status (Lu et al. 2021). Accordingly, decreasing bulb volume with age may 

represent a histopathological correlate for age-related smell loss. Contrary to our result of 

decreasing VGLUT2 staining with age other studies postulate a stable glomerular density 

with increasing age (Maresh et al. 2008; Richard et al. 2010; Mobley et al. 2014). The 

divergence of our results from published data (Maresh et al. 2008) may reflect: differences 

in 1) the sample size; (Maresh et al. 2008) analyzed 7 samples as compared to 39 from 

(23 subjects) in our study, 2) the analytic approach; (Maresh et al 2008) separated their 

subjects into two subgroups (over 50 years and under 50 years) and performed an unpaired 

t-test, whereas we chose the linear regression model to look for a correlation between age 

and amount of glomeruli, and 3) the measurement approach; while (Maresh et al. 2008) 

manually counted individual glomeruli, we found it difficult to identify and count distinct 
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glomeruli and instead used the overall VGLUT2 staining to better identify glomerular 

synapses.

The ventral surface was more heavily innervated than the dorsal half possibly due to 

its position directly adjacent to the cribriform plate, and innervation was significantly 

diminished as a function of age only in the ventral half. Moreover, our analysis on a direct 

correlation between OE and OB reveal that the amount of ventral glomerular staining is 

directly correlated with the amount of mature OSNs in the corresponding OE. As established 

in rodents, the axons of OSNs from specific regions of the nasal cavity in humans may 

also target to glomeruli in specific regions of the olfactory bulb. Perhaps the dorsal OB 

innervation in humans derive from OSNs that are within more protected areas of dorsal 

OE. In return, the ventral OB regions could be innervated by a majority of anteriorly and 

ventrally positioned OSNs in the nasal cavity that are more vulnerable to injury resulting in 

loss of ventral synapses within the OB over time.

Other differences between aged and embryonic OBs were seen. Ectopic/invasive glomeruli 

that extended into deeper regions of the bulb past the typical glomerular layer were 

commonly found in adult human OB. Ectopic glomeruli are thought to be a result of 

aberrant connections of OSN with deeper layers of the OB (Hoogland, Berg, and Huisman 

2003). The mitral cell layer that was compact in embryonic OB was indistinct in aged OB. 

Consistent with published findings (Smith et al. 1991; Bhatnagar et al. 1987), we found 

mitral cells in adult OB reduced in number and scattered over the external plexiform layer 

in a diffuse fashion. The disorganization of the mitral cells may remove a chemical/physical 

barrier (Treloar et al. 2002) that would prevent OSNs from penetrating into deeper regions 

of the bulb given that olfactory axons can invade neuropil in other parts of the central 

nervous system when deprived of their normal target (Graziadei and Samanen 1980). Given 

that abnormal glomerular structure and ectopic glomeruli appear after damage to the OB 

(Hoogland et al. 2003), the accumulation of these structures may indicate epithelial attempts 

at recovery, the functional consequence of which is unknown.

Several technical aspects and limitations of analyzing whole mucosal sheets and mucosal 

strips need additional consideration. Statements on histomorphology in human OE based on 

the analysis of mucosal strips are restricted to a limited area of the OE and extrapolation 

to the entire olfactory mucosa has to be taken cautiously. To provide a better global 

assessment of the periphery, analysis of whole mucosa sheets was performed. However, 

complete whole mount staining of the entire olfactory mucosal sheet is a more difficult 

process. Whole mount staining cannot be repeated if failed on the first attempt leading 

to an overall lower number of specimens for complete analysis. Additionally, some of the 

acquired specimens did not arrive with complete and intact olfactory mucosa requiring their 

exclusion from various analyses. During tissue acquisition and processing, mucosal areas 

can become abraded with loss of epithelium. By necessity, these areas were removed from 

analysis of neuronal density. In these cases, an assumption is made that neuronal density 

is the same as the surrounding intact epithelium, and the removal from analysis would 

not significantly impact the overall results. However, this assumption would underestimate 

gradients in neuronal density, and therefore our whole mount results likely reflect a true 

change with age.
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Regardless of technical issues, inherent difficulties in assessing OE health derive from 

the findings that respiratory metaplasia and olfactory degeneration are also present in 

normosmic adult patients (Holbrook et al. 2005; Paik et al. 1992; Witt et al. 2009; Naessen 

1971) making the correlation of olfactory epithelial pathology with olfactory dysfunction 

difficult. Unfortunately, data regarding olfactory ability, dysfunction or information specific 

to history of nasal/sinus inflammation in our samples was not available making direct 

correlation with olfactory ability impossible. Instead, we rely on the established known 

correlation of age with human functional olfactory loss based on published psychophysical 

testing data (Doty et al. 1984; Hummel et al. 2007). Our samples are also weighted 

towards more advanced adult ages given the increased availability of autopsy specimens 

from elderly populations, and the data from the youngest specimen substantially contributed 

to significance in our statistical analysis in many cases. However, considering the lack of 

findings associated with age in the fetal tissue and the milder degree of these findings in the 

young adult, we believe the data from this specimen is important to the analysis as a whole 

and shouldn’t be considered an outlier. To be able to make a stronger statistical statement 

regarding age-related differences a larger sample size of young specimens would be ideal 

in future studies. Lastly, our analysis of changes with onset of dementia also relied on the 

limited information provided with the autopsy specimens. Under-reporting of dementia most 

certainly would contribute to the lack of correlation with histology.

In sum, the present study provides an in-depth assessment of anatomical changes in adult 

human olfactory tissue and reveals insights into histomorphologic correlates for age-related 

smell loss. We observe a general decrease in olfactory neurons as a function of age, 

which is reflected in a reduction in glomerular synapses. The findings of metaplastic 

respiratory regions and neurogenically exhausted epithelium with concomitant trend in 

the reduction ofdividing basal cells suggests the emergence of stem cell quiescence as an 

underlying mechanism for age-related smell loss and a possible target for future therapeutic 

intervention.
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Key points:

1. A gradual loss of olfactory sensory neurons with age in human olfactory 

epithelium is also reflected in a reduction in glomeruli within the olfactory 

bulb.

2. This gradual loss of neurons and synaptic connections with age occurs in a 

specific, spatially inhomogeneous manner.

3. Decreasing mitotically active olfactory epithelium basal cells may contribute 

to age-related neuronal decline and smell loss in humans.
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Figure 1. 
Generation of whole mucosal neuronal staining obtained from an 80 year-old male. The left 

nasal cavity autopsy specimen was split longitudinally along the cribriform plate (asterisk) 

exposing the septal surface (a) and lateral surface (b). (a, b). Whole mucosal sheets 

encompassing the region of olfactory mucosa were removed from the specimen (green 

dashed line). (c, d). Immunohistochemical staining of the excised septal (c) and lateral (d) 
mucosal sheets using anti-beta III tubulin (TUJ1) with DAB as a chromogen reveal brown 

neuronal staining of the olfactory receptor neurons at the dorsal portion of the specimens. A 

rectangular portion of the mucosal sheets used for sectioning and further histologic analysis 

was excised prior to whole mount staining (#). A = anterior; D = dorsal; F = frontal sinus; 

N = nasal bone; S = sphenoid sinus; IT = inferior turbinate; MT = middle turbinate; ST = 

superior turbinate; scale bars = 15 mm.

Fitzek et al. Page 25

J Comp Neurol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Average position of the olfactory epithelium (OE) in relation to anatomic structures of 

the nasal cavity. The solid black rectangular shape depicts the average location of 

neuronal stained OE just below the cribriform plate (asterisk) in a sagittal illustration of 

the nasal cavity. Arrows demonstrate measurements performed on stained specimens with 

corresponding average values listed in the table: a = distance from the cribriform plate to the 

inferior boarder of OE; b = distance from the inferior boarder of the middle turbinate to the 

inferior boarder of the OE; c = distance from the face of the sphenoid sinus to the posterior 

boarder of the OE; d = distance from the anterior middle turbinate attachment to the anterior 

boarder of the OE; e = distance from the under surface of the nasion to the anterior OE. 
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A = anterior; D = dorsal; F = frontal sinus; N = nasion; S = sphenoid sinus; IT = inferior 

turbinate; MT = middle turbinate; ST = superior turbinate
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Figure 3. 
The adult olfactory epithelium decreases in area and decreases in olfactory neuronal density 

with age. (a). A whole mount staining of the lateral (top) and septal (bottom) mucosa 

from the right nasal cavity of a human female embryo at 24 weeks gestation using TUJ1 

antibodies reveals a distinct boarder of dark stained OE with respiratory epithelium (RE). In 

addition, the OE region is stained as a complete sheet of neurons without patches of absent 

staining. Scale bar = 5 mm. (b). Whole mount staining of mucosa from the left nasal cavity 

of a 28 year-old male demonstrates an irregular boarder of OE with RE and appearance 

of multiple patches within the OE that lack staining. (c). With increased age there appears 

to be a greater disruption of the OE and RE boarder and appearance of a greater number 

of patches within the OE absent of neuronal staining as demonstrated by the whole mount 

staining of mucosal from the left nasal cavity of an 80 year-old male. Scale bar for (b) and 

(c) = 10 mm. A = anterior; D = dorsal. (d). Measurements of the area stained for neurons 

in septum and lateral mucosal specimens are plotted as a function of age. Given the known 

association of age with smell loss and dementia, multiple linear regression was used to 

assess for correlation of age with OE area. Regression lines demonstrate a more pronounced 

reduction with age in septal mucosa compared with lateral mucosa. The associated table 
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shows average OE area values that are significantly decreased on the septum compared with 

the lateral side. (e). Measurements of the remaining stained neurons within the boundary of 

OE as a percent of the entire area are plotted as a function of age. In both the septum and 

lateral mucosa there is a decrease in neuronal staining within the OE area with age. Unlike 

the OE area measurements, there was no difference in percent neuronal staining between 

septum and lateral mucosa. SEM = standard error of the mean.
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Figure 4. 
There is a higher density of neurons in the posterior and dorsal region of adult OE. 

(a1). Whole mount neuronal staining of the right lateral mucosa from an 86 year-old 

female reveals brown DAB labeled OE with irregular boarders and patchy regions of 

absent staining. A rectangular area of mucosa (#) was removed for sectioning and further 

immunohistochemistry. To calculate the shift in centroid of remaining olfactory neurons 

that results from patchy loss within the OE (neuronal centroid), the region of OE is first 

defined (a2) and portions of the mucosa where the epithelial surface was stripped during 

processing are removed from analysis (asterisks). The center of the remaining geometric 

shape (areal centroid) is mathematically calculated and shown with a blue dot. The dashed 
lines represent corresponding edges of the OE region extrapolated from (a1). The adult 

OE region is not a continuous sheet of olfactory neurons as is seen in embryonic tissue, 

and the resulting shape generated from remaining olfactory neurons within the OE area 

(a3) is not equally spaced throughout. The neuronal centroid shifts from the areal centroid 

toward a region of higher neuronal density (blue arrow). A = anterior; D = dorsal; MT 
= middle turbinate; ST = superior turbinate. (b). The degree direction of the centroid shift 

when compared to age appears to increase with a linear regression plot but is not found to 

be statistically significant with multiple linear regression considering additional effects of 

dementia. (c). Similarly, the magnitude of the centroid shift appears to increase with age but 

was not statistically significant.
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Figure 5. 
Comparison of fetal and healthy adult olfactory epithelium. Adjacent sections obtained from 

vertical rectangular strips of olfactory mucosa from a young-adult male (#12-080313, 28 

years (Y), top row) and male embryo (#6167, 23rd gestation week (GW), bottom row) 

were labeled with immunofluorescence to identify specific cell types within the epithelium. 

(a). A pseudostratified columnar neuronal epithelium is observed in both samples with 

abundant neurons labeled green using anti-ß-tubulin III (TUJ1). A subset of neurons are 

co-labeled with the mature olfactory neurons marker, OMP (magenta). In embryonic tissue, 

the OE consistently demonstrates a slightly thicker neuronal layer compared to healthy adult 

tissue. (b). Respiratory metaplasia identified with antibodies against ß-tubulin IV (BetaIV, 

magenta) is absent in regions of healthy OE and all embryonic OE sections but occurs 

frequently in adult OE (see Figure 7). (c). Horizontal basal cells (HBCs), globose basal 

cells (GBCs), and supporting cells are labeled with antibodies against SOX2 (magenta). In 

both adult and embryonic sections, HBCs appear in a single row along the basal lamina 

and rarely co-label with antibodies against the cell division marker KI67 (green). SOX2(+) 

GBCs positioned just above the HBCs (arrows) actively proliferate and are often grouped 

in clusters in adult tissue. In fetal tissue, dividing basal cells are rarely found. A palisade of 

supporting cell nuclei labeled with SOX2 is seen at the apical level in both adult and fetal 

OE (dotted rectangle). (d). HBCs labeled with anti-p63 antibodies (green) are observed in 

a linearly arrayed uniform basal layer in adult OE as opposed to a discontinuous fashion 

observed in fetal tissue. SOX9(+) duct/gland cells (magenta) appear in the lamina propria 

in both young-adult and fetal OE (dotted circle). Their associated duct cells can be found 

traversing the basal lamina (arrows). Scale bar = 50 μm.
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Figure 6. 
Amount of mature OSNs decreases significantly with age. (a). Average amount staining 

from three sections through each mucosal strip taken from the septum (n = 27) and 

lateral wall (n = 18) below the cribriform plate were normalized to the length of OE. 

Linear regression curves are superimposed on scatter plots of staining versus age. Separate 

analyses for the septum, lateral wall, and average of both are provided for total OSNs 

(TUJ1 labeling), mature OSNs (OMP labeling), and maturity index (% epithelial labeling 

of OMP/TUJ1). (b). Boxplots of total OSNs, mature OSNs and OSN maturity index across 

mucosal strips obtained from the septum (n = 27) and lateral wall (n = 18) in respect to the 

presence or absence of dementia did not reveal significant differences. (c). Average number 
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of dividing KI67(+)/SOX2(+) basal cells from three sections through each mucosal strip 

taken from the septum (n = 27) compared with age is shown using a linear regression curve.
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Figure 7. 
Epithelial metaplasia and characteristics of subepithelial cysts correlate with age. (a). A 

mosaic image of a representative adult section of olfactory mucosa (#11-09008, 81 year 

male, left septum) stained for TUJ1(+) neurons (green) and Beta-IV(+) respiratory cilia 

(magenta) reveals regions of mixed epithelium (boarders defined by arrows). The transition 

from respiratory epithelium and OE is seen on the left (open arrow). Scale bar = 100 μm. 

The length of Beta-IV(+)/TUJ1(−) respiratory patches, Beta-IV(+)/TUJ1(+) mixed patches, 

and BetaIV(−)/TUJ1(−) aneuronal patches were normalized to the entire OE length and 

averaged across three equally spaced sections obtained from right and left septal mucosal 

strips (n = 28). Scatterplots and linear regression curves were generated as a function of 

age for each epithelial type. The amount of mixed epithelium correlates with advancing age. 

(b). A section from a 62-year-old man (#10–08058, right septum) displays a respiratory 
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epithelia-lined submucosal cyst with Beta-IV(+) (magenta) staining of the respiratory cilia. 

Note the overlying epithelium is also respiratory and flanked by normal OE containing 

TUJ1(+) (green) OSNs. Scale bar = 100 μm. (c). A section from an 87-year-old male 

specimen (#08-06004, left septum) provides an example of a mixed cyst with TUJ1(+) 

neurons (open arrowheads) and a small area of Beta-IV(+)-respiratory epithelium (arrow) 

that appears to erupt through the thin overlying epithelial surface (asterisk). Scale bar = 

100 μm. Arrowheads in (a), (b), and (c) indicate the basal lamina. (d). Number of cysts 

with true epithelial lining correlates with amount of neuronal impoverished epithelia. The 

total number of cysts were counted and normalized to the OE-length then averaged across 

three evenly spaced sections from separate septal mucosal strips (n = 28). The number of 

cysts per length of OE was then compared with the percent length of respiratory, neuronal 

and aneuronal epithelium within the OE. Corresponding scatterplots and linear regression 

curves reveal higher number of submucosal cysts in OEs that have higher percentages of 

respiratory and aneuronal epithelium. A higher percentage of neuroepithelium is related with 

lower number of cysts.
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Figure 8. 
OE neuromas increase with age. (a). A section of OE from an 81-year-old male specimen 

(#11-09008, right septum) stained with anti-TUJ1 antibody (green) labels neuromas 

(arrows) within the epithelium. The area occupied by the neuromas is acellular and filled 

with dystrophic neurites lacking the DAPI nuclear staining (blue). Scale bar = 100 μm; 

arrowheads indicate the basal lamina. (b). The average cumulative length of neuromas per 

total OE length [%] calculated for septal and lateral mucosal strips as well as the combined 

septal and lateral mucosal strips from each specimen was compared with age. Scatter plots 

and linear regression curves demonstrate a strong trend toward increasing percent length 

with neurons as a function of increasing age.
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Figure 9. 
OB glomeruli appear more disorganized with age. Near-adjacent coronal sections were 

obtained through the OB from a young-adult (#12-080313, 28 years old (28Y, male; 

top row) and embryo (#6167, 23rd gestation week (23rd GW), male; bottom row). 

(a). The OSN axon processes of the olfactory nerve layer at the periphery of the OB 

(oriented at the bottom of each panel) are labeled with antibodies to OMP (magenta). 

Terminal synapses with second order neurons are identified with antibodies against vesicular 

glutamate transporter type 2 (VGLUT2, green) within glomerular neuropil units. While 

fetal glomeruli appear as small buds just beginning to form into more robust structures, 

adult glomeruli are larger, more difficult to identify as discrete units, and often extend 

into deeper regions (see Fig 10(a) for lower magnification). (b). Adult periglomerular cells 

(arrows) labeled with antibodies against tyrosine hydroxylase (TH, green) are comparable 

in their position surrounding individual glomeruli in both adult and fetal tissue, but in 

embryonic tissue they appear closer to glomeruli. (c). Mitral cells (arrows) are labeled with 

anti-TBX21 antibodies (green). In adult OB they appear greatly reduced in number and 

somewhat sporadic while embryonic mitral cells demonstrate an established uniform layer 

located in a zone deep to the glomeruli as described in rodent OB. Scale bar = 50 μm.
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Figure 10. 
Amount of VGLUT2(+) glomerular staining varies with OB region and age. (a). A 

schematic generated from a mosaic image of a coronal section through the OB of a 75 

year-old male (#07-08032, left bulb) stained with VGLUT2 (black) to identify glomeruli. A 

line through the middle dissects the OB section into a dorsal (D) and ventral (V) half (scale 
bar = 0.5 mm). The average percent area of positive VGLUT2-staining in the ventral and 

dorsal half of the OBs was compared across all specimens (n = 23). Boxplots demonstrate 

significantly more glomerular staining in the ventral half. (b). Average percent glomerular 

staining was compared with age. Linear regression curves showed the total amount of 

glomerular staining per bulb decreases with age and appears to be related to a decline in 

ventral glomeruli while the dorsal portion remains relatively stable.
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